XX.2 INTRODUCTION
Despite the ever increasing demand for more accurate and sensitive analyses of whole proteomes, their quantitative analysis using mass spectrometry (MS) is still one of the major challenges in proteomics. The typically poor correlation between analyte concentration and signal intensity, which is due to variation in ionization efficiency in the presence of molecular competitors or contaminants, prevents straightforward quantitation using the recorded ion signal intensity. Unfortunately, the two widely used ionization techniques in proteomic MS, electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI), are no exception to this limitation. However, most of the methods available to quantify entire proteomes are based on MS techniques involving the measurement of ion signal intensities.
Quantitative proteomic methods can be classified as either non-MS or MS-based methods as well as "labelfree" or "labeling", of which the latter can be further sub-divided into the various types of labeling approaches such as chemical and metabolic labeling.
XX.2.1 Quantitative proteomics using non-MS methods
One of the most important non-MS approaches employs differential protein derivatization using fluorescent dyes such as CyDyes TM . The protein samples to be compared are labeled using different dyes and are then pooled prior to protein separation by electrophoresis on the same gel, thus limiting quantitation errors that easily occur if samples are run on different gels (Marouga et al., 2005; Timms and Cramer, 2008; Unlu et al., 1997 
XX.2.2 Quantitative proteomics using MS-based methods
Unlike DIGE where the intensity of a protein spot is used for quantitation, the MS-based proteomic quantitation methods mostly employ the so-called "bottom-up" strategies by identifying and quantifying proteins at the peptide level using proteolytic digests and their MS (or MS/MS) analysis. Proteins are typically digested with a protease, usually trypsin, prior to detection and characterization of the resultant peptides by MS or tandem mass spectrometry (MS/MS). The amount of protein is determined by the ion intensities of the identified peptides or their MS/MS products. A protein is usually identified and quantified by more than one peptide, enabling statistical analysis and the discrimination between protein isoforms by selecting only the peptides specific to a single protein isoform (an isoform being defined by a gene locus).
However, isoform-specific quantitation is often limited by the absence or low intensity of isoform-specific peptide ion signals as well as the sequence-determined possible limitation of detecting only one or a few isoform-specific peptides.
XX.2.2.1 Label-free methods
There are several quantitation methods available that directly exploit the recorded MS ion signal intensity without the use of any labeled internal standards or comparison between differentially labeled samples.
These are called label-free methods. One such method, spectral counting (Ishihama et al., 2005) , counts the number of recorded peptide spectra per protein and is based on the assumption that peptide ions from an abundant protein will be analyzed many more times than peptide ions from a protein that is less abundant.
The exponentially modified Protein Abundance Index (emPAI) (Ishihama et al., 2005) is calculated from the number of spectral counts of each peptide identified in one protein. It takes into account the fact that generally more peptides are detected for larger proteins. The emPAI value is readily available when using the protein identification software Mascot (MatrixScience, London, UK).
Other label-free methods use the signal intensities of individual peptides rather than the spectral counts to compare the relative abundance of proteins between samples (Hughes et al., 2006; Palmblad et al., 2007b; Silva et al., 2005; Wang et al., 2006) . However, this approach is only valid if the sets of samples to be compared are all relatively similar, as the presence of contaminants or other ion species will influence the intensity of an ion signal, due to ion suppression. For methods with LC separation, reproducibility of the chromatographic separation and software to align the LC peaks, as well as accurate mass measurement are all prerequisites for the success of this technique (Palmblad et al., 2007b; Silva et al., 2005) .
XX.2.2.2 Chemical labeling
Other strategies that can be employed to circumvent the constraints of label-free quantitation include differential labeling of peptides with chemical tags, e.g. tags containing stable isotopes as reviewed in Ong and Mann (Ong and Mann, 2005) . The advantage of isotope-labeled tags is that they are physically and chemically identical, with the exception of the labels' mass and/or isotope distribution. This means that it is possible to pool the samples after the labeling step and then determine the protein ratios by comparing ion intensities of the corresponding protein-derived light/heavy peptides or their fragment ions in the same mass spectrum. Thus, there is no requirement to align and match LC peaks from different runs, as is required for many of the label-free quantitation techniques. Chemical labeling with isotopes overcomes the problem of ion suppression encountered in label-free strategies and thus, reduces the need to run many MS technical replicates. The Isotope-Coded Affinity Tag (ICAT) approach, one of the first differential isotope labeling methods, uses two different mass tags ( 12 C 9 -and 13 C 9 -isotope labels), which specifically label cysteinecontaining peptides. Following their labeling, cysteine-containing peptides are affinity purified through the incorporated biotin moiety (Yi et al., 2005) . Peptide pairs with 9 Da-mass difference are then detected by MS and their ion intensities are compared for relative quantitation. Similarly, Isotope Coded Protein Labeling (ICPL) (Schmidt et al., 2005) allows the differential isotope labeling of lysines and the differentially labeled peptides are analyzed by MS. Isobaric Tags for Relative and Absolute Quantitation (iTRAQ) also label lysines and have similar physico-chemical properties. However, iTRAQ tags have identical masses, thus relative abundance is not measured through the MS signal as with ICAT and ICPL but measured by MS/MS, determining the ion signal intensities of reporter ions of different mass that are generated by the MS/MS fragmentation process (Ross, 2006; Ross et al., 2004b) . This method benefits from increased MS detection due to the contribution of all samples to the precursor ion signal. It was successfully applied to quantify the secreted proteome of Arabidopsis cells following the infection with the bacterial pathogen Pseudomonas syringae (Kaffarnik et al., 2009) . Recently eight iTRAQ tags have become available allowing high multiplexing capacity (Ross, 2006; Ross et al., 2004b) . Two-plex or sixplex Tandem Mass Tags or TMT are alternative isobaric tags that are similar to iTRAQ (Dayon et al., 2008) . Many more stable isotope-labeling approaches are emerging such as RABA (Reductive Alkylation By Acetone, (Zhai et al., 2009) ), ANIBAL (ANiline and Benzoic Acid Labeling of amino and carboxylic groups, (Boersema et al., 2009; Panchaud et al., 2008) ) and stable isotope dimethyl labeling (Boersema et al., 2009 ). Many of these are quite attractive since they use low-cost reagents.
Rather than labeling peptides with chemical tags, isotope-labeling of peptides can also be performed by However, despite of being a powerful approach for quantitative proteomics, chemical labeling does not overcome the variability between protein extracts (degradation, handling variability), as the labeling occurs after the extraction of proteins or even after tryptic digestion. In addition, costs of the labeling chemicals also need to be taken into consideration, as it can be a limiting factor for large-scale experiments. (Heck and Krijgsveld, 2004) ), and have been successfully applied to E. coli (Ross et al., 2004a) , mammalian cells (Conrads et al., 2001 ) and yeast (Kolkman et al., 2006) . In these specific cases, the media contained mixed organic and inorganic nitrogen sources estimated to contain 98-99% 15 N, which was supplied as ammonium and/or inorganic nitrate salt. This metabolic labeling approach was also successful for the quantitative analysis of whole organisms such as the nematode model Caenorhabditis elegans and the fruit fly Drosophila melanogaster that were fed on 15 N-labeled E. coli and yeast, respectively (Krijgsveld et al., 2003) . For these organisms, which require a more complex feeding medium, it was still possible to have a near 100%-labeling efficiency. Similarly, whole rats were labeled through a protein-free diet supplemented with 15 N algal cells (Wu et al., 2004 (Benschop et al., 2007; Engelsberger et al., 2006) . Similarly, young seedlings were grown in this medium in shaking liquid cultures Nelson et al., 2007) .
XX.2.2.3 Metabolic labeling
However, as the Murashige and Skoog medium is relatively rich, the plants have to be grown in vitro and in sterile conditions which is less convenient, especially when the plants have to be grown to maturity.
There is another metabolic labeling method that is inexpensive, robust and suitable for quantitative plant proteomics. Its basic principle has previously been employed for metabolic 15 N-labeling of whole hydroponically grown mature potato plants for the structural analysis of abundant tuber proteins such as patatin by nuclear magnetic resonance (NMR) spectroscopy (Ippel et al., 2004) . This labeling method uses 15 N-salts in a hydroponic medium and is equally applicable to quantitative MS-based proteomic analysis of whole and mature plants, which has led to the introduction of Hydroponic Isotope Labeling of Entire Plants (HILEP) for relative quantitative proteomic analysis by mass spectrometry and is described and reviewed in this chapter.
XX.2.2.4 Hydroponic Isotope Labeling of Entire Plants (HILEP)
HILEP in combination with MS-based proteomic quantitation was developed and first employed in a proofof-principle study for quantifying the proteome of Arabidopsis leaves treated with hydrogen peroxide to mimic oxidative stress response (Palmblad et al, 2007 . Since hydroponic cultures are ideal for tightly controlling plant growth conditions, the use of HILEP provides optimal experimental conditions for the growth and labeling of whole and mature plants in an inexpensive and relatively simple medium. It enables the quantitative analysis at the molecular level of mature plants responding to environmental stimuli or diseases.
Hydroponics is plant cultivation in the absence of soil, using a nutrient solution instead. The term itself originates from the concatenation of two Greek words, meaning water-based labour. Most of the nutrients are provided as solutes in the hydroponic medium, which mainly consists of water and salts of potassium, phosphate, nitrate, ammonium, calcium chloride and magnesium sulfate. Plants can grow in the absence of organic nutrients as they can fix atmospheric carbon through photosynthesis. Hydroponic cultivation of plants is a very ancient technique established long before photosynthesis was discovered and understood.
Indeed, it was probably the method of cultivation used in The Hanging Gardens of Babylon in 600 BC. It certainly had been used by the Egyptians around that time and by the Romans in ca. 200 BC. In the 11 th century, the Aztecs were using hydroponic cultivation on a regular basis, creating "floating gardens". The technology was brought back to Europe by the Spanish Conquistadores and since then has been scientifically investigated. Further development during and after World War II has led to the use of hydroponics as a modern cultivation technique for intensive and high yield farming (http://www.hydroponicsonline.com/lessons/History/lesson2-1history.htm; (Jones, 1982; Jones, 1997) .
Recently, the near 100% complete metabolic labeling of entire and mature plants using hydroponics was first described in the production of 3.6 kg of labeled potato tubers for the 3D structural analysis of abundant proteins such as patatin and Kunitz-type protein inhibitors using NMR spectroscopy (Ippel et al., 2004) .
As mentioned earlier plants are photosynthetic organisms and thus are able to fix carbon from atmospheric CO 2 . Therefore, quantitative proteomics (SILIP), which was employed to label tomato plants grown in a hydroponic medium containing inorganic soil substrates such as river sand (Schaff et al., 2008) . It was also shown that HILEP can be employed for multiplex quantitation of up to four different samples .
XX.3. PROCEDURE

XX.3. 1 Hydroponic cultivation and the generation of 15 N-labelled products
Optimal conditions for the metabolic 15 N-labeling of Arabidopsis plants using hydroponic cultivation were established in previous studies, Palmblad et al., 2007a; Palmblad et al., 2008) based on a modified Hoagland's hydroponic medium (Hoagland, 1920) , which was adapted using other published protocols Huttner and Bar-Zvi, 2003; Noren et al., 2004) . Protocol 1 (see Annex) details the hydroponic medium formulation as used in . Protocol 2 (see Annex) describes the hydroponic cultivation of Arabidopsis thaliana from seed to mature plant. The general workflow of the experimental procedure is shown in Figure 1A .
To 
XX.3.2. Protein sample preparation
After harvesting the plant material an equal amount of fresh weight of the 14 N-sample and the 
XX.3.3 Data analysis
Several bioinformatics tools have been developed for the relative quantitation of proteomes (for review see (Mueller et al., 2008) In references Palmblad et al., 2007a) , an automated data analysis pipeline is described for the routine application of HILEP in an integrated analytical workflow using the freely available Trans-Proteomic Pipeline (TPP) software suite, which can be down-loaded from http://tools.proteomecenter.org/software.php (Keller et al., 2005) . The main steps in this data analysis workflow were as follows:
1. LC-MS/MS raw data files were converted into mzXML files.
2. Peak list files compatible with the Mascot protein search engine and with TPP (e.g. mgf files) were generated.
3. 5. Peptide ratios were calculated using the XPRESS algorithm (Han et al., 2001) . PeptideProphet (Keller et al., 2002) was then used to show peptide ratios and to allow statistical analysis of protein abundance.
6. Protein identifications and relative protein abundances were then displayed in a single protXML file using the ProteinProphet viewer (Nesvizhskii et al., 2003) in TPP.
7. Results were extracted into a spreadsheet for further statistical analysis.
In this specific case, at least 3 peptides were used to estimate the relative protein amount. Also, each peptide had to be unique to a single protein isoform, to avoid the possibility of calculating mixed ratios if a peptide is shared by more than a single protein isoform. Algorithms had been developed for each of these steps to facilitate batch processing and to automate the procedure for high-throughput analysis. Details can be found in Palmblad et al., 2007a) .
The above data analysis workflow was validated by manual analysis. The m/z value, the charge and the XX.5 ANNEX
XX.5.1 Protocol 1. Hydroponic medium formulation for growing Arabidopsis thaliana plants
Hydroponic medium formulation (as described in and make up to 1 L in distilled water (store at 4˚C or sterilize if kept at room temperature).
Sterile, half-strength solution containing 0.7% agar is used to germinate seeds (for 10-15 days). Seedlings are then transplanted into full-strength solution.
XX.5.2 Protocol 2. Growing Arabidopsis thaliana plants for HILEP
Growing Arabidopsis plants in 14 N or 15 N hydroponic medium .
1. Seed sterilization as described by Noren et al. (Noren et al., 2004) .
Place the required amount of seeds in a microcentrifuge tube. Wash these successively in:
a. 70% Ethanol 5 min b. 0.5% SDS 15 min
Rinse three times with sterile distilled water.
At this stage the seeds can be stored in sterile water in the fridge for up to one week.
2. Autoclave a box of 200 µL-pipette tips (ensuring that the box has a transparent lid as it will be used to create a mini-greenhouse).
3. Make up a 0.7% agar solution containing half-strength hydroponic solution and autoclave it to ensure sterility.
4. Aseptically fill the sterile pipette tips with the molten agar solution (at ~50-60°C). Initially, add only a few 10-20 µL-droplets and let them solidify, sealing the tips before filling them completely.
Make sure there is a convex dome of agar as the gel will shrink when drying. Cover with the transparent lid and let the agar set.
5. Place one seed in the centre of each pipette tip cone using a 100-200 µL-pipettor under aseptic conditions. Close the pipette tip box and seal with parafilm TM , vernalise the seeds by placing the mini-greenhouse at 4˚C (fridge) for at least 48 h. Alternatively, the vernalisation can take place after the seeds are sterilized and stored in water (step 1) prior to adding the seeds to the agar.
6. Place the mini-greenhouse in a growth cabinet under a short day light regime, 10 h of light at 23˚C and 14 h darkness at 20˚C with 60% humidity.
7. After 10-15 days, before the roots reach the lower part and grow out of the tip, remove the parafilm TM seal. Cut the end of the tip at one third of its length and replace the lid without sealing.
At this stage the growth conditions are non-sterile but keep the system as clean as possible. Fig. 3 
